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EXECUTIVE SUMMARY 
UKTRP-86-8 
STABILITY OF EMBANKMENTS ON CLAY FOUNDATIONS 
Methods for predicting the behavior of embankments on clay foundations often do not yield results 
that match actual performance. It appears there is a tendency for current analyses methods to overestimate 
the factor of safety. The repair and maintenance of unstable slopes are expensive and drain resources that 
are vitally needed. Improvement of techniques used to analyze stability of embankments on clay 
foundations would be significantly important and cost effective. 
Data from a number of well documented case studies of failures were examined to formulate 
guidelines. Fundamental considerations and limiting conditions were reviewed. Existing methods of slope 
stability analyses were studied and predicted behaviors of slopes based on each method were compared. A 
mathematical model based on embankment cracking was developed and is presented. The failure model 
equations were computer programmed and form an integral part of the newly developed analysis procedure. 
Numerical examples from selected published sources were analyzed using the model and computer 
program. The model and computer program are versatile and yield solutions for a wide range of problems. 
The solutions apparently are as accurate as those obtained from other models and computer programs. 
Embankments designed using the new model and computer program should perform satisfactorily and 
minimize future potential failures. 
N 
TABLE 1. SUMMARY OF FACTORS OF SAFETY OF A NUMBER OF EMBANKMENT FAILURES 
ON CLAY FOUNDATIONS 
~===================================================================================================================== 
NAME OF SITE 
Chingford (Fill) 
Gosport (Fill) 
Panama 2 (Fill) 
Panama 3 (Fill) 
Newport (Fill) 
Bromma II (Fill) 
Brocsjon (Fill) 
Scottsdale (Fill) 
Bangkok (Fill) A 
Bangkok (Fill) B 
Scapsgate (Fill) 
Lanester (Test Fill) 
Saint Andre 
(Test Fill) 
Matagami (Test Fill) 
Pornic (Fill) 
New Liskeard (Fill) 
King's Lynn (Fill) 
Palavas (FUll 
Narbonne (Test Fill) 
Portsmouth, NH 
(Test ruu 
Fair Haven (Fill) · 
Great Salt Lake 
Lauceston, Tasmania 
Portland, Maine 
METHOD 
OF 
DETERMINING 
UNDRAINED 
SHEAR STRENGTH 
uu 
uu 
uu 
uu 
uu 
uu 
uu 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
PROPERTIES OF 
NATURAL 
WATER 
CONTENT 
(PERCENT) 
90 
56 
80 
110 
50 
100 
100 
140 
1<0 
1<0 
70 
120 
110 
90 
80 
50 
70 
64 
34 
50 
42 
LIQUID 
LIMIT 
(PERCENT) 
1<5 
80 
Ill 
125 
60 
90 
ISO 
ISO 
ISO 
112 
120 
102 
85 
80 
58 
60 
64 
37 
38 
37 
FOUNDATION SOILS 
PLASTICITY 
INDEX 
(PERCENT) 
109 
50 
66 
50 
34 
60 
108 
85 
85 
82 
72 
47 
47 
45 
32 
35 
32 
16 
16 
16 
42 
108 
30 
LIQUIDITY 
INDEX* 
0.50 
0.118 
0.53 
0.10 
0. 71 
1.00 
1.11 
0.91 
0.88 
0.88 
0.49 
1.00 
1.11 
1.11 
1.00 
0.15 
1.29 
1.00 
0.81 
!. 75 
1.31 
FACTOR 
OF 
SAFETY 
1.05 
0.93 
0.93 
0.98 
1.08 
1.03 
1.10 
1.65 
1.46 
1.61 
1.52 
1. 38 
1.38 
1.53 
1.17 
1.05 
1.20 
1. 30 
0.99 
0.89 
0.99 
1.30 
1.65 
1.21 
REFERENCE 
Bishop &- Bjerrum ( l2) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (121 
Bishop &- Bjerrum (12) 
Bishop &- Bjerrum (12) 
Bjerrum (6,40) 
Bjerrum (6,40) 
Bjerrum ( 6, 4 0 l 
Bjerrum (6,40) 
Bjerrum (6,40) 
Bjerrum (6, 40) 
Bjerrum (6, 40) 
Bjerrum (6,40) 
Bjerrum (6,40) 
Bjerrum (6,40) 
Bjerrum (6, 40) 
Bjerrum (6, 40) 
Bjerrum (6,40) 
Bjerrum (6, 40) 
Chiranpunta &- Duncan (1) 
Chiranpunta & Duncan (1) 
Chiranpunta &- Duncan (11 
---------·------------------------------------------------------------------------------------------------------------
* Liquidity Index (Natural Water Content- Plastic Limit)/Plasticity Index 
FUNDAMENTAL CONSIDERATIONS AND LIMITING CONDITIONS 
When constructing embankments on clay foundations, two limiting conditions are generally 
recognized and assumed to govern the design. These design limits are illustrated in Figure 1. As the height 
of the embankment increases, stresses applied at a point (as in Figure 1) within the foundation increase and 
reach a maximum value at the end of the construction period. Pore-water pressure in the folJndation 
initially is equal to the hydrostatic pressure. Pore pressures within the foundation increase as construction 
proceeds and loading increases. Since clays generally have low permeability, pore-pressure dissipation is 
nomiual or practically zero during the relatively short construction period. Consequently, one limiting 
design condition assumes the foundation is loaded in an undrained condition. Upon completion of 
construction, stresses applied by the embankment remain constant Sometime after construction is 
complete, excess pore pressures tend to dissipate and eventually become zero. There is a reduction in void 
ratio (consolidation) of the foundation and a corresponding increase in the effective stress and shear 
strength as excess pore pressures dissipate. The second limiting condition is based on the assumption 
excess pore pressures dissipate over a long period of time upon completion of construction. 
Design of the embankment is performed using the two limiting conditions. Short-term stability, or 
end-of-construction stage, is studied using a total stress analysis and the undrained shear strength, Su. 
Long-term stability is investigated using an effective Stress analysis (excess pore pressure equal to zero) 
and the effective stress parameters. When excess pore pressures are estimated or measured during 
construction, the short-term stability may be investigated using an effective stress analysis. Normally, the 
short-term situation governs design, as shown in Figure 1. Depending upon the loading rate and 
permeability of the foundation soils, the short-term factory of safety will be smaller than the factor of safety 
(long-term) some time after construction. When the foundation soils are saturated, the short-term stability 
is investigated using the total stress analysis. 
Routine design stability analysis of an embankment located on a clay foundation usually consists of 
using the undrained shear strength, Su, obtained from unconsolidated-undrained triaxial tests; or 
unconfmed compression triaxial tests, field vane shear tests, split spoon tests, or Dutch cone penetration 
tests (3, 4); or a combination of these tests. The undrained shear strength is sometimes obtained using a 
procedure (SHANSEP) developed by Ladd and Foott (5). When the total stress analysis (or .p..equal-zero) 
yields a safety factor of approximately 1.25 to 1.50 (or larger), the design is frequently considered adequate 
to prevent failure during construction. As shown in Figure l, the short-term or end-of-construction factor 
of safety is usually the most critical stage since excess pore pressures usually reach maximum values. The 
strength of the foundation usually reaches a minimum at that stage. Shear strengths increase and the factor 
of safety increases as excess pore pressures dissipate. A maximum value ·of factor of safety is obtained 
when the excess pore pressures approach zero. If the total stress analysis yields a factor of safety smaller 
than 1.25, an effective stress analysis may be performed assuming the excess pore pressures are zero. If the 
3 
Figure l. 
CONSTRUCTION 
TIME 
Basic Design Concepts to Consider When Constructing 
Embankments on Clay Foundations. 
4 
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TABLE 2. SUMMARY OF FACTORS OF SAFETY OF A NUMBER OF FOOTINGS AND LOAD TESTS 
ON CLAY FOUNDATIONS 
NAME OF SITE 
Mexico City, Load Test 
Silo, Transcona, 
canada 
Grain Elevator, 
Fargo, USA 
Oil Tank, Shellhaven, 
England 
Footing, Kippen, 
England 
Oil Tank, Quebec, 
Canada 
Load Test, Rangsit, 
Thailand 
Silo, New Liskeard, 
.canada 
Silo, Vankleek Hill, 
Canada 
Load Test, Hagalund, 
sweden 
Load Test, Marmorera 
Oil Tk, Fredrikstad, 
Norway 
Load Test, Rygge, 
Norway 
Torp, Norway (Fill) 
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OF 
DETERMINING 
UNDRAINED 
SHEAR STRENGTH 
FV 
uu 
FV 
' 
' 
FV 
FV 
' 
' 
' 
' 
' 
' 
' 
PROPERTIES OF FOUNDATION SOILS 
NATURAL 
WATER 
CONTENT 
(PERCENT) 
250 
50 
5B 
10 
60 
10 
65 
BO 
B5 
6B 
10 
45 
55 
21 . 
LIQUID PLASTICITY 
LIMIT INDEX 
(PERCENT) (PERCENT) 
250 
110 
95 
B1 
10 
65 
11 
64 
.60 
55 
35 
55 
31 
24 
200 
BO 
63 
62 
45 
40 
40 
37 
35 
35 
20 
30 
lB 
• 
LIQUIDITY 
INDEX* 
1.00 
0.25 
0.40 
0.?3 
0.67 
1.13 
0.?0 
1.43 
1.72 
1.37 
-0.25 
0.67 
2.00 
1.3B 
* Liquidity Index (Natural Water Content- Plastic Limit)/Plasticity Index 
FACTOR 
OF 
SAFETY 
1. 75 
1.09 
1. 31 
1.03 
1.00 
1.1? 
1.17 
0.86 
1.14 
0.93 
0.92 
1.08 
1.02 
0.96 
REFERENCE 
Bjerrum (401 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerr~m (40) 
Bjerrum (.40) 
Bjerrum (401 
Bjerrum 140) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (401 
" 
TABLE 3. SUMMARY OF FACTORS OF SAFETY OF A NUMBER OF EXCAVATION FAILURES 
~===============================:============================~====================================================== 
NAME OF SITE 
Huntsplll 
Congress Street 
Sk.attsmanso I 
Sk.attsmanso II 
Bradwell 
Freia 
Weiland (Test Cut) 
Glemmen 
Messena 
san Francisco Bay 
~inghuset, Drammen 
Weiland Channel 
Grass River Lock. 
seven Sisters 
Pump. Sta. Fornzbu. 
Norway 
Sewage Tank~ Drammen, 
Norway 
Test shft, Ensjoeien, 
Norway 
METHOD 
OF 
DETERMINING 
UNDRAINED 
SHEAR STRENGTH 
uu 
uu 
uu 
uo 
00 
FV 
FV 
FV 
FV 
FV 
FV 
FV 
00 
00 
' 
? 
? 
Pump sta., Mexico City 
Warehs, Freia, Norway 
Shaft, Shellhaven, 
? 
' ? 
England 
Subway, Chicago, USA 
Toddington 
Hook Norton 
Hullavington 
Salem, Virginia 
Park Village 
Kensal Green 
English Indiana 
SH 53 Indiana 
Frankton, N.Z. 
Lodalen 
Eau Brink 
' uo 
00 
00 
00 
00 
00 
ou 
00 
00 
00 
uo 
PROPERTIES OF FOUNDATION SOILS 
NATURAL 
WATER 
CONTENT 
(PERCENT) 
56 
24 
101 
73 
33 
40 
35 
55 
70 
90 
32 
30 
45 
50 
so 
35 
35 
350 
38 
85 
24 
14 
22 
19 
24 
30 
28 
24 
37 
43 
31 
63 
LIQUID PLASTICITY 
LIMIT INDEX 
(PERCENT) (PERCENT) 
75 
33 
98 
69 
95 
37 
53 
65 
45 
88 
20 
40 
60 
lOB 
35 
25 
27 
400 
35 
110 
35 
65 
63 
57 
57 
86 
81 
50 
91 
62 
36 
55 
47 
15 
59 
45 
63 
15 
26 
40 
18 
45 
4 
20 
40 
70 
17 
7 
7 
300 
14 
80 
15 
38 
30 
33 
30 
56 
53 
30 
66 
27 
18 
26 
LIQUIDITY 
INDEX* 
0.60 
0.40 
1.05 
1.09 
0.02 
1.20 
0.31 
0.15 
2.38 
1.04 
4.00 
0.50 
0.63 
0.17 
1.88 
2.28 
2.14 
0.83 
1.14 
0.69 
0.27 
-0.34 
-0.36 
-0.18 
-0.10 
0.00 
0.00 
0.13 
0.19 
0.20 
0. 72 
1.02 
* Liquidity Index= (Natural Water Content- Plastic Limit)/Plasticity Index 
FACTOR 
OF 
SAFETY 
0.90 
1.10 
1.06 
1.03 
1. 70 
0.94 
1. 01 
1.09 
1.11 
1.25 
0.67 
0.82 
1.18 
l.SB 
0.96 
0.93 
0.84 
1.65 
1.02 
1.33 
1.00 
20.00 
8.00 
21.00 
3.20 
4.00 
3.80 
5.00 
1.90 
1.00 
1.01 
1.02 
REFERENCE 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (121 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (121 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (401 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (40) 
Bjerrum (401 
Bjerrum (40J 
Bjerrum (40)" 
Bishop & Bjerrum (121 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12) 
Bishop & Bjerrum (12} 
Bishop & Bjerrum 112) 
TABLE 4. SUMMARY OF FACTORS OF SAFETY OF A NUMBER OF NATURAL SLOPE FAILURES 
METHOD PROPERTIES OF FOUNDATION SOILS 
OF NATURAL 
DETERMINING WATER LIQUID PLASTICITY FACTOR 
UNDRAINED CONTENT LIMIT INDEX LIQUIDITY OF 
NAME OF SITE SHEAR STRENGTH (PERCENT) (PERCENT) (PERCENT) INDEX* SAFETY REFERENCE 
co Folkers tone uu 20 65 37 -0.22 14.00 Bishop & Bjerrum (12) 
Jackfield uu 20 45 25 0.00 4.00 Bishop & Bjerrum (12) 
Bearpaw, Canada uu 28 110 90 0.09 6.30 Bishop & Bjerrum (12) 
Munkedal uu 55 60 35 0.85 0.85 Bishop & Bjerrum (12) 
Drammen uu 31 30 11 1.09 0.60 Bishop ' Bjerrum {12) 
-------------------------------------------------------------~------------------------------------------------------
* Liquidity Index (Natural Water Content- Plastic Limit)/Plasticity Index 
32 
E~ea"aUons 
Footings, 
Load Tests 
Figure 2. Distribution of 75 Case Failures According 
to the Type of Structure. 
9 
Results from an analysis of failures for which consideration is given only to the type of structure are 
discussed below. For failures of 24 embankments located on clay foundations, the predicted factors of 
safety ranged from 0.89 to 1.65 and averaged 1.22. As shown in Figure 3, a frequency bar graph based 
upon the predicted factors of safety in Table I, about 50 percent of the predicted factors of safety exceeded 
a value of 1.28. Hence, there is a tendency to overestimate the factor of safety and the shear strength of the 
foundation clay. For failures of footings and loading tests, Table 2, the predicted factors of safety ranged 
from 0.89 to 1.75 and averaged 1.10. In only two cases, as shown by the frequency graph in Figure 4 and 
the data in Table 2, did the predicted factor of safety exceed a value of 1.30. In 92 percent of the cases, the 
factor of safety was less than 1.38. A comparison of data in Tables 1 and 2 indicates there is a tendency to 
overestimate shear strength more frequently when embankments are involved than when footings (and 
loading tests) are involved. This apparent discrepancy may be due partly to a tendency to overestimate the 
portion of the embankment shear strength that contributes to overall resistance to failure and partly due to 
inaccurate assumptions that may be made with regard to the failure mode of the embankment. 
A frequency bar graph constructed by combining cases in Tables 1 and 2 is shown in Figure 5. The 
factors of safety range from 0.86 to 1.75 and average 1.18. Approximately, 26 percent of the failures had 
predicted factors of safety in excess of 1.30. In 40 percent of the cases, the predicted factors of safety 
exceeded 1.20. 
Bjerrum (6) assembled a number of case histories that show procedures normally used to determine 
short-term stability of embankments, footings, and loading tests on clay foundations are unsatisfactory. 
Those cases are interspersed in Tables 1 through 3. In those cases, the short-term stability analysis was 
performed using undrained shear strength obtained from field vane tests. In many cases, the field vane 
undrained shear strength overestimated the factor of safety. Bjerrum observed the difference between field 
vane shear strength and calculated shear strength for failures increased as the plasticity index increased. He 
developed correction factors by plotting predicted factors of safety (F) from 14 observed embankment 
failures located on soft clay foundations as a function of plasticity index (PI), as shown in Figure 6: 
F = Su(vane) I Su(corrected) = f(Pl) = I I~. (1) 
where ~ is a correction factor. From Figure 6 and based on a linear regression analysis, the factor of safety 
may be expressed as 
F = 0.915 + 0.0074 PI. (2) 
The corrected shear strength may be expressed as 
10 
.... 
0.96 
NUHBER EHBRNKHENT FRJLURES t 24 
CLRSS JNTERVRL = ~ 16 
0. 89 < FS < J. 65 
FSRVERRG£ s 1.22 
40/. > 1.25 
1.12 1.28 1.44 
FS 11/DPIJJNT 
1.60 
Figure 3. Frequency Graph of Predicted Factors of Safety for Failures 
of Embankments Constructed on Clay Foundations. 
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..... 
F(J[JTJNG RND L[JRO TEST 
FR!LURES = 14 
CLRSS JNTERVRL = ~25 
D. 86 < FS < 1. 75 
FSRVERRGE = 1. 10 
92 /. < 1. 38 
1.00 1.25 1.50 1. 75 
FS 11/DPfJJNT 
Figure 4. Frequency Graph of Predicted Factors of Safety for Failures 
of Footings and Load Tests on Clay Foundations. 
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NUI1BER E11BRN/f11ENT,FOOTJNG RND 
L ORO TEST FRJLURES = 38 
CLRSS JNTERVRL = 0. 16 
0. 86 < FS < J. 75 
FSRVERRGE = J. 18 
73. 80 0. 96 1. 12 1. 28 1. 44 1. 50 1. 76 
FS 11/0P{)JNT 
Figure 5. Frequency Graph of Predicted Factors of Safety for Failures 
of Embankments, Footings, and Load Testa on Clay Foundations. 
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LEGEND 
8 EHBRNK~ENTS IBJERRUH'S dRIGINRL DRTRJ 
€) £/fBRNKHENTS 
4 EXCRVRT/tiNS 
• Fti/JTJNGS RND LtiRD TESTS 
r • 0.90 
FJELD VRN£ SHERfl STRENGTH CRS£5 El 
El El 
.. 
--- F • 0. 851 • O. 008072 PI 
- ~-- F • D. SJ 5 + 0. 00'1395 I' I IBJERIIUHJ 
• 
"' ~'0+---r---.---.--.---.---,---r---r--.---r----, ~ 10 20 30 40 SO 60 70 80 90 JOO 110 
Figure 6. 
PLRSTJCJTr INDEX fPERCENTJ 
Predicted Factors of Safety Obtained from Stabi~ity Ana~ysis 
Using Fie~d Vsne Shear Strength P~otted as a Function 
of the Plasticity Indices of the C~ay Foundations. 
14 
Su(corrected) = Su(vane) I (0.915 + 0.0074 PI). (3) 
As shown in Figure 6, additional fail tires listed in Tables 1, 2, and 3 were combined with Bjerrum's priginal 
case histories. Applying regression analysis to all data, the corrected shear strength may be expressed as 
Su(corrected) = Su(vane) I (0.854 + 0.00807 PI). (4) 
Equations 3 and 4 provide nearly identical results as shown in Figure 6. 
A frequency bar graph of predicted factors of safety based on undrained shear strengths from field 
vane tests is shown in Figure 7. These data represent embankments on clay foundations, footings and 
loading tests, and excavations in soft clay. The predicted factors of safety range from 0.67 to 1.75 and 
average 1.23. In approximately 30 percent of the cases, the predicted factors of safety exceeded 1.38. The 
factor of safety exceeded 1.30 in 42 percent of the cases. These data show that uncorrected field vane shear 
strengths should be used cautiously. Bjerrum notes that undrained shear strength of soft clays is strongly 
influenced by 1) the strain rate used in the strength tests, 2) the anisotrophy of the soil, and 3) progressive 
failure in clays exhibiting sharp peak strengths or clays of high sensitivity. B jerrum 's studies on field vane 
strength show the effects of strain rate and anisotropy are more important than progressive failure. B jerrum 
also suggests that correction factors be developed for laboratory undrained shear strengths. 
Slope stability data assembled by Bishop and Bjerrum (12) and other data assembled herein 
representing embankment failures on soft foundations where shear strengths were mainly defmed from 
laboratory tests are shown in Figure 8. Field vane data show the differences between vane and back-
computed undrained shear strength increases as the plasticity index increases. The factor of safety does not 
increase to a large degree as the plasticity index increases in failure cases where the undrained strength was 
mainly defined from laboratory tests and where the liquidity index is eqnal to or greater than 0.36. These 
data show the predicted factors of safety were eqnal to or less than about 1.20. The predicted factors of 
safety generally range from about 0.82 to 1.20 and average 1.01. Corrected laboratory undrained shear 
strength may be expressed as 
Su(corrected) = Su(lab) I (0.915 + 0.00217 PI). (5) 
A frequency graph of failures for excavations and natural slopes is shown in Figure 9. Many of 
these failures involved overconsolidated clays. Predicted factors of safety range from 0.6 to 21.00 and 
average 4.93. Obviously, cj>-equal-zero analysis cannot be used in such cases. As noted by Bishop and 
15 
FIELD VRNE SHERR FRILURES = 28 
CLRSS JNTERVRL = 0.25 
0. 67 < FS < 1. 75 
FSRVERRGE = 1.23 
427. > 1.30 
~~--_1~a_~~~--~~--~~L__L~~ 
0. 50 0. 75 1.00 1.25 1. 50 
FS HIDPDINT 
1. 75 
Figure 7. Frequency Bar Graph of Predicted Factors of Safety Based on 
Field Vane Shear Strengths. 
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LEGeND 
0 £118/IN/f/I!NTS 
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L/>0.36 
FIELD VIINE SHERR STRENGTH CRSES EXCLUDED 
Figure 8. Predicted Factors of Safety (Excluding Field Vane Shear 
Strength Cases) as a Function of Plasticity Index. 
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fREQUENCY 
35 
30 
25 
20 
15 
10 
5 
' 
' 
TOTAL NUMBER OF NATURAL 
SLOPES AND EXCAVATIONS = 37 
6 
CLASS INT'ERVAL= 3 
FS (A VER..tGE) • 4.9.3 
o.eo < FS < 21.00 
35 ::; < 1.30 
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Bjerrum (12), undrained shear strengths of soils in the failure zone bear little resemblance to undrained 
shear strengths of soils located above or below the failure zone. Case studies (12, 13) show the water 
contents of soils in the failure zone are larger than in soils located above or below the failure zone. To 
obtain the correct shear strength in such cases, samples for testing should be obtained from the shear zone 
(in cases of failures in progress). Failure zones in landslides are small in many cases, and it is often 
difficult to obtain samples. 
Stress history and water content are important factors in stability analyses. The liquidity index of a 
clay provides a general indication of previous stress history. The liquidity index, Ll, is defmed as 
LI = (w- PL) I PI (6) 
where w = natural water content, PL = plastic limit, and PI = plasticity index. 
Soils with liquidity indices near zero, generally, will be overconsolidated. The natural water content, in 
this case, is equal to the plastic limit. Soils having liquidity indices near 1.0 will usually be normally 
consolidated. In this case, the natural water content of the clay will be equal to the liquid limit Peck and 
Lowe (14) presented a portion of Bishop and Bjerrum's data (12) representing long-term failures in cuts and 
natural slopes that showed the predicted factor of safety obtained from a cjl-equal-zero analysis was 
somewhat related to the liquidity index (see Figure 10). Peck and Lowe suggest the possibility of using the 
empirical relationship between factor of safety and liquidity index to determine correction factors for 
undrained shear strengths from laboratory tests. In Figure 11, the factors of safety contained in Tables I 
and 4 are plotted as a function of liquidity indices. A fairly distinctive division may be observed near a 
liquidity index of approximately 0.36. The frequency graph in Figure 12 for clays having liquidity indices 
greater than or equal to 0.36 and representing failures of embankments, excavations, natural slopes, and 
footings shows the short-term factors of safety range from 0.6 to I. 75 and average 1.11. The predicted 
factors of safety exceed a value of 1.30 in only 20 percent of the cases. 
Examination of cases presented in Tables I through 3 and Figure 6 where the undrained strength 
was defined from field vane shear tests shows that higher factors of safety are associated with large values 
of plasticity index. Considering failures where the plasticity index is less than 40 percent and the liquidity 
index is greater than 0.36, the predicted factors of safety range from 0.6 to 1.30 and average 1.00. A 
frequency graph of these data is shown in Figure 13. In 97 percent of these cases, the predicted factors of 
safety were less than 1.20. Excluding all failures where the undrained shear strengths were definitely 
defined from field vane shear tests (Figure 12) and those cases where the liquidity indices were greater than 
0.36, the predicted factors of safety range from 0.6 to 1.65 and average 1.02 as shown in Figure 14. 
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However, in 93 percent of the cases, the predicted factors of safety were less than 1.30. Consequently. 
when the liquidity index and plasticity index are greater than 0.36 and less than 40 percent, respectively. a 
design factor of safety as low as 1.3 or 1.4 may be justified in many routine designs. The field vane shear 
strength should be corrected using Equations 3 or 4 when field vane shear tests are used to define the 
undrained shear strength and the plasticity index is greater than 40 percent 
The total stress analysis yielded predicted factors of safety that were generally much too high in 
failures where clays had liquidity indices less than about 0.36 (left portion of Figure II). The in situ shear 
strength for a failure condition was greatly overestimated by laboratory tests. For soils having liquidity 
indices less than about 0.36, the predicted factor of safety may be expressed as (15) 
F = (3.98) (0.0!87jLI. 
Noting that 
F = Su(Iab) I Su(corrected) ~ f(LI) = I I I; 
where I;= a correction factor to be applied to the laboratory undrained shear strength test results. 
From Equation 8, 
Su(corrected) = l;Su(lab) 
and 
F=lll; 
or 
I;= 1 IF= I I (3.98)(0.0187jLI. 
(7) 
(8) 
(9) 
(10) 
(11) 
Correction factors may be obtained from Equation 11. The correction factor,!; , is plotted as a function of 
the liquidity index in Figure 15. The corrected laboratory strength alternately may be obtained directly 
from the expression (for LI < 0.36). 
Su(corrected) = Su(Iab) I ((3.98)(0.0187jL1) (12) 
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Cl3 0,1/1 
or 
Su(corrected) =0.251 Su(lab)l (0.0187)LI (13) 
Equation 13 is an approximate means of estimating the "softened" shear strength of a clay in a failure zone 
of overconsolidated clays and should be used cautiously. Considerable scatter occurs for the relationship 
between predicted factor of safety and liquidity index (Figure 11). When clay soils that have a liquidity 
index less than 0.36 are encountered, the stability of a geotechnical structure might be checked using the 
undrained shear strength obtained from Equation 13. In a given stability problem, it is not certain that 
shear strength at a given site will approach the shear strength determined by Equation 13. AB an 
approximate means of estimating when the stability of a structure should be checked using Equation 13, the 
times to failure of a few failures are plotted as a function of liquidity index in Figure 16. Based on this 
plot, clays having liquidity indices greater than about 0.10 may fail rapidly. 
Whenever the foundation ofan embankment contains clays having liquidity indices less than 0.36 
(an overconsolidated condition), the stability of the embankment always should be checked using effective 
stress parameters, Cp' and cl>p• (peak strength) and estimated pore pressures. The effective stress analysis 
may be performed in addition to the total stress analysis. For short-term stability, the effective stress 
analysis should be performed using excess pore pressures estimated from a method developed by Skempton 
(16). Long-term stability may be obtained from an effective stress analysis based on the assumption that 
excess pore pressures are zero. However, as shown in Table 5, which is a summary of a number of case 
histories based on effective stress analyses, predicted factors of safety are generally too high for clays 
having liquidity indices less than 0.36. The average predicted factor of safety for the failures listed in 
Table 5 was 1.59. In 70 percent of the failures, the predicted factors of safety were greater than 1.48 for 
clays having liquidity indices less than 0.36. Where the LI was greater than 0.36 (only two cases), the 
predicted factor of safety was 1.04. Hence, for clays having liquidity indices less than about 0.36, both 
total stress analysis (Figure 11) and effective stress analysis (Table 5) generally yield factors of safety that 
are too high; that is, the shear strength is overestimated. Consequently, to prevent frrst-time failures, the 
designer faces a dilemma concerning the selection of an appropriate shear strength in either analysis. A 
problem arises when trying to decide whether to use peak strength, residual strength, or some other shear 
strength. The residual strength obviously should be used in cases where a failure plane exists. 
The problem in designing against first-time failures is that shear strengths obtained from laboratory 
tests of clays having liquidity indices less than 0.36 bear little resemblance to shear strengths of clays 
located in the shear zone. Shear strengths of clays located above or below the shear zone are much larger 
27 
-en 
a: 
C[ 
IU 
>-
-
IU 
a: 
::::1 
= ~ 
~ 
IU 
:E 
1-
10 
10 
T 
I 
J 
1.0 
0.7 
0.5 
IU 
---------,_:u~VING'T'CIII 
0 o----~, 
,.wooo GM:EN 
A • !II.DOURY 
TOOOINGTCN ' 
'\ f:::. 'IEHSAL IR:EN ) 
CA$5£L 
() CUT SLO!'£ 
IICDIPTON 
f:::. CUT 111..01'£ 
HDIICEI.. £ CUT II.OPE 
ICY OOT 0 EII!IANKIIENT ON 
FOI.I<OATIOH 
IE ENE 
liP liB 0 
164 
() EARTH OAII OH l'lliJNDATION 
IKEioiPTCN AND HUTCHINSON II EXCAVATION 
WACO OAII () 
I ll,A_,..;)LT 
·-
1 VII.LAGE 
I 
I 
' 
I 
I 
' 
O I.DNDOH CLAY 
WELL 
o.l.":----:'-:---~---::'---~ 
..Q.4 -o.z ..0.1 D 0.1 
LIQUIDITY INDEX 
0.2 0.5 0.4 
Figure 16. ~ime of Failure as a Function of Liquidity Index for Clays 
Having Liquidity Indices Lass than 0.36. 
28 
TABLI!'.: 5. CAS& HISTORIES BASED ON EITECT:IVII: S'llUi:SS ANALYSIS 
========~===========a====~~a=~================~========'-
LOCATION 
" 
LL PL Pr LI 
Bluegrass Pky, MP 21 20 34 .. 10 -0.40 
West Ky Pky, MP 96 15 31 19 12 -0.33 
Bluegrass Pky, MP 43 17 16 34 18 -0.08 
Selset 12 26 13 13 -0.08 
I 64, MP 118 2] 5] 25 28 -0.07 
Weirton, 11'. Va. 2G 51 25 26 0.04 
Northolt 30 70 28 51 0.04 
Jackfie1d 21 .. 22 22 o.os 
Keneel Green 33 83 30 53 0.06 
Sudburry Hill 31 82 28 54 0.06 
I 64, MP 44 21 •• u 22 0.14 
-..,. 30 
'" 
24 u 0.15 
us 119 21 24 u 7 0.25 
Seven Sisters, S-6 45 85 26 59 0.32 
LOdalen 31 36 .. 18 0.72 
Dr amman 35 25 18 17 1.00 
FACTOR OF SAFETY 
PEAl< c: = 0 RESIDUAL 
1.46 
1. g.c 1.12 
> 1.00 1.10 
1.03 < 1.00 0.69 
1.28 0.97 0.77 
1.51 .. 1.00 
1.63 0.77 0.54 
2.06 > 1.00 1.11 
1. 60 0.60 
2.27 1.05 0.74 
1.01 0.72 
2.27 < 1.00 0.50 
1.13 1.13 
1. 6'5 
1.07 0.73 
1.01 
REFERENCE 
*Hopkins and Allen (cf. 15}, 1972 
*Allan and Hopkins (cf. 15), 1973 
*Hopkins (cf. 15), 1972 
Skempton (13), 1964 
*Hopkins and A11en (c:f. 15), 1971 
D'Appolonia, et al. (34), 1967 
Skempton and Hutchinson (35), 1968 
Skempton (13), 1964 
Skempton (13), 1964 
Skempton and Hutchinson (35), 1968 
*Allen (36), 1972 
Lambe (37), 1971 
*Hopkins (39), 1972 
Peterson, et al. (39). 1960 
Skempton and Hutchinson (35), 1968 
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than shear strengths of clays in the shear zone. Clays in the shear zone tend to soften as strain increases. A 
• 
plot, Figure 17, of predicted factors of safety as a function of liquidity index (based on effective stress 
analysis) for the failures in Table 5 indicates there is a very weak relationship. One approach to this 
problem would be to use the relationship in Figure 17, and the peak effective stress parameters, <Pp' and ep', 
could be reduced as follows: 
tan <l>s' • (tan <Pp'l I (1.6 - 0.54 LI) (14) 
and 
c8' = ep' I (1.6- 0.54 LI) (15) 
where <l>s' and cg' are the internal angle of friction and cohesion of a clay, respectively, in a "softened" 
state. As a check on stability, the analysis could be performed, perhaps, for a design factor of safety of 1.1 
or 1.2 using the reduced parameters given by Equations 14 and 15. A factor of safety of perhaps 1.4 should 
be used in conjunction with the reduced shear strengths for negative values of liquidity indices. The design 
also may be checked using Equation 12 or the correction factors in Figure 15. 
The critical state of a clay may be defmed as the state (in a drained condition), for a given effective 
normal stress, in which any further increment in shear distortion will not result in a change in the water 
content of the shear zone. The water content remains constant, at some stage of the shearing process, as 
shown in Figure 18. As a practical approximation of the shear strength of the clay (LI < 0.36) in a shear 
zone, it is hypothesized and suggested that the undrained shear strength, Ss ("softened state"), or the 
effective stress parameters, <l>s' and cg', be obtained from triaxial tests performed on remolded specimens. 
Shear strength parameters obtained from this testing would be used to design against first-time failure of an 
embankment As an approximate means of determining the remolding water content, the division of 
failures (LI = 0.36) in Figure II could be used. Based on that division, the remolding water content, Ws, 
may be expressed as 
Ws = (0.36) PI+ PL. (16) 
Unconsolidated-undrained triaxial tests could be performed on specimens remolded to Ws and the in situ 
wet unit weight to estimate the undrained shear strength of a clay in a "softened" state. To obtain the 
effective parameters, <l>s' and cs', consolidated-undrained triaxial compression tests with pore-pressure 
measurements would be performed on specimens remolded to w s· 
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The following two propositions are suggested with regard to the failure zone and water content, ws: 
I. The water content tends to increase to a value approximating ws whenever an overconsolidated 
clay is sheared. Moreover, there is a migration of water from above and below the shear zone to the shear 
zone. 
2. The water content in the shear zone wiii decrease to a value approximating Ws whenever a. clay 
having a liquidity index greater than Ws is sheared. There is migration of water (consolidation) from the 
shear zone to zones above and below the shear zone. 
Evidence presented by Skempton (13) and Bishop and Bjerrum (12) shows that water content in the 
shear zone of an overconsolidated clay increases during shear. Skempton presented three case studies on 
London clay where the water contents were measured in, above, and below the shear zones. Based on the 
liquid limit and plastic limit of London clay (above 79 and 28 percent, respectively), the liquidity index of 
the shear zones of the clay were above 0.16 while in the zones located above and below the shear zone the 
liquidity index was about 0.0. The water content of the shear zone was approximately 36 percent. Above 
and below the shear zones, the water content was about 28 percent. Consequently, efforts to analyze 
embankments on overconsolidated clays using a total stress analysis frequently overestimate the shear 
strength. As noted by Bishop and Bjerrum (12), water content changes in overconsolidated clays are very 
localized at failure. The shear strength of the clay in the shear zone may bear little resemblance to the shear 
strength of the clays located above and below the shear zone. As noted by Bishop, the pore pressure is a 
function of stress applied during the test; it is not necessarily equal to the in situ pore pressure. In a slide at 
Jackfield (England) studied by Henkel and Skempton (17), the water content in the shear zone was 10 
percent higher than in the adjacent clay. The undrained strength was some four times greater than the 
actual strength in the failure zone. Evidence to suppon the second proposition was not found. 
Skempton (18) presents one case history (see Figure 19) that provides some evidence the use of the 
shear strength parameters, cl>s' and cs', obtained from remolded (normally consolidated) specimens may 
provide a basis for selecting design shear strengths in overconsolidated clays. Peak, residual, and remolded 
effective stress shear strength parameters are summarized in Figure 19. A stability analysis based on the 
peak shear strength parameters yielded a factor of safety of 2.03 for the failure condition. The residual 
shear strength parameters yielded a factor of safety of 0.6. Consequently, the peak shear strength 
parameters overestimated shear strength while the residual shear strength parameters underestimated shear 
strength. Shear strength parameters obtained from remolded specimens yielded a safety factor of 1.03. The 
landslide in Figure 19 was analyzed using the HOPK-I computer program (2) as a check of $kempton's 
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Figure 19. Cross Section of a Landslide Shown by Lambe (37). 
analyses. Factors of safety of 1.95, 0.43, and 1.00 were obtained, respectively, based on peak, residual, and 
remolded shear strength parameters. 
SUGGESTED DESIGN GUIDELINES 
In designing embankments (from a practitioner's viewpoint) on clay foundations against first-time 
failures, the following guidelines are suggested: 
1. Detennine the natural water content, liquid limit, and plastic limit of the foundation at various 
depths. Compute the liquidity indices of the clays. Plot the natural water content, liquid limit, plastic limit, 
and liquidity index as a function of depth. 
2. Detennine the undrained shear strength of the foundation clays at various depths from 
unconsolidated-undrained triaxial tests. Confining pressures used in the tests are computed from 
overburden pressures. Alternatively, detennine the undrained shear strength from field vane tests. Plot the 
undrained shear strength as a function of depth. Perfonn consolidated-undrained triaxial tests (with pore-
pressure measurements) to determine effective stress parameters, c!>p and Cp• at various depths. 
3. Compare the liquidity indices of the foundation clays to the liquidity index-factor of safety 
relationship shown in Figure 11 to assess the probability of successfully applying the total stress analysis. 
A design factor of safety as low as 1.30 or, perhaps, 1.35 may be used if the liquidity indices of the 
foundation clays are generally larger than 0.36 and the plasticity indices are Jess than about 40 percent In 
this case, either field vane shear strength or labomtory unconsolidated-undrained triaxial tests may be used. 
Although the plasticity index tnay be less than 40 percent, the field vane shear strength should be checked 
using Equation 3 or 4. When the foundation clays have relatively large values of plasticity index (>40 
percent) and low values of penneability, then the undrained shear strengths, when obtained from triaxial 
compression tests, might be corrected using the following relationship: 
Su(corrected) = SuOab) I (0.915 + 0.00217 PI) (LI > 0.36) (17) 
Alternately, in this case, the minimum, design factor of safety might be 1.5. 
The field vane shear strength should be corrected using the following relationship if the short-tenn 
stability is investigated using field vane shear strength, the plasticity index is greater than 40 percent, and 
the liquidity index is greater than 0.36: 
Su(corrected) = Su(vane) I (0.854 + 0.00807 PI). (18) 
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The corrected shear strength and the field vane shear strength, as shown in Figures 6 and 8, differ only 
slightly when the plasticity index is less than 4b percent A minimum short-term design factor of safety of 
1.30 or 1.35 may be used if the field vane shear is corrected. 
4. Both the total stress analysis and effective stress analysis may yield incorrect forecasts of the 
stability of the embankment when the liquidity indices of the foundation clays are less than 0.36. The 
effective stress analysis, based on peak strengths and estimated pore pressures, may generally yield more 
accurate results than the total stress analysis; because in performing consolidated-undrained triaxial tests or 
consolidated-drained tests, the specimen has some opportunity to soften during the saturation phase 
whereas in the unconsolidated-undrained test the specimen does not have this opportunity. Two 
approaches to approximate the shear strength of the overconsolidated clay as it may occur in the shear zone 
after it has reached a soften state are suggested. The softened undrained shear strength could be estimated 
from 
Ss = (0.25l)Su(lab) I (0.0187)LI. (19) 
The "softened" effective shear strength parameters, <Ps'and cg'. could be estimated from Equations 14 and 
15 or, alternately, by performing consolidated-undrained triaxial compression tests with pore-pressure 
measurements or consolidated-drained triaxial tests on specimens remolded to a water content given by 
w s = (0.36) (PI) +PL. (20) 
The short-term stability could be checked using the .undrained strength computed by Equation 19. The 
short-term stability could be investigated using pore pressures estimated by Skempton's method (16) where 
the A and B parameters obtained from the consolidated-undrained triaxial tests with pore pressure 
measurements (CIU) tests would be used to estimate the excess pore pressures. The long-time stability 
should be checked using <Ps' and cg' and assuming the excess pore pressures were equal to zero. Based on 
the "softened-state" shear strength parameters, the factor of safety should be greater than one when 
checking the design. Susceptibility of an overconsolidated clay to develop a "soften" shear zone has been 
discussed by Bjerrum (19). 
5. The design should be checked using the residual shear parameters, <Pr' and er', and estimated pore 
pressures when a foundation contains an ancient slip plane. 
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EVALUATION OF THE SHEAR STRENGTHS OF EMBANKMENTS 
Little attention has been given to evaluating the shear strength of embankments, although 
considerable efforts have been devoted to determining the undrained shear strengths of clay foundations. A 
problem arises in the design of embankments on clay foundations because it is uncertain as to what ponion 
of the shear strength of the embankment is mobilized and may be relied upon for stability. Uncertainties 
regarding the stability analysis primarily arise because of differences in the stress-strain behaviors of the 
embankment and clay foundations. The shear strength of the embankment may not contribute to overall 
stability if tension cracks develop in the embankment. 
Embankments normally will be constructed of compacted soils that are stiff and overconsolidated. 
The degree of saturation is usually about 85 percent The foundation consists of relatively soft soils with 
regard to the embankment soils. The stress-strain behaviors of the embankment and clay foundations 
typically may be depicted as shown in Figure 20. Tbe peak shear strength of the compacted embankment 
occurs at a relatively low failure strain while the peak strength of the clay foundation soil occurs at a 
relatively high failure strain. If immediate settlement in the clay foundation occurs, the peak shear strength 
of the embankment may be mobilized at relatively low strains and failure of the embankment occurs even 
though only a small ponion of the peak strength of the foundation is mobilized. The peak strength of the 
foundation soil is mobilized at a relatively high strain; at this stage, the peak strength of the embankment 
has declined to a lesser value. A tension crack may develop in the embankment when this occurs. The use 
of peak strengths of both the embankment and foundation soils in the stability analysis thus may yield a 
factor of safety that is too large. 
Two different design assumptions commonly made with regard to shear strength of the 
embankment, as illustrated in Figure 21, are 1) a crack is assumed to occur in the embankment and 2) the 
shear strength of the embankment is equal to zero (or some percentage of the peak strength is sometimes 
assumed). Large tensile stresses may occur in the embankment because of shrinkage due to drying or 
differential settlement, or because of the steepness of the slope. Such stresses may cause cracks to form in . 
the embankment With regard to the second design assumption, assuming no shear strength underestimates 
the factor of safety because the overturning moments are too large. The resisting moments in both cases 
are the same, provided the depth of crack is assumed equal to the height of the embankment. Justification 
for assuming the embankment has no shear strength, or a small percentage of the peak strength, is 
frequently attributed to the fact that, on some occasions, the shear surface passing through the embankment 
is relatively small compared to the. total length of the shear surface and the embankment strength 
contributes little to the overall stability. Since the stress-strain behaviors of the embankment and 
foundation are so different, then the use of none or a small percentage of the peak strength is reasonable; 
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using a reduced embankment shear strength makes allowances for embankment cracking. Embankment 
cracking may significantly reduce stability in situations where the embankment shear strengths represent a 
substantial portion of the shearing resistance. 
PROPOSED ANALYTICAL PROCEDURE AND COMPUTER SOLUTION 
TENSION CRACK PROBLEM 
Stresses in the upper reaches of the potential failure mass, as illustrated by the hatched zone in 
Figure 22, may be tensile in cases where embankments are constructed on soft clay foundations. The 
horizontal effective stress is tensile throughout the upper zone of the embankment A crack may develop in 
the upper embankment zone (20) since soils cannot sustain tensile stresses (at least for a prolonged period 
of time). Tension cracks are associated with lateral stretching in the upper zones of embankments. The 
maximum depth of the crack may be determined using Figure 23. The actual envelope passes close to or 
through the origin as noted by Lambe and Whitman (20). The straight-line approximation envelope, used 
to approximate the actual envelopment, may pass above the origin. The straight-line envelope is cut off at 
the origin to preserve the approximation. This modification to the failure envelope prevents the soil 
skeleton from withstanding tension. The largest Mohr's circle (solid circle) that may be drawn with the 
horizontal effective stress cr3{ equal to zero (fitted inside the Mohr envelope) is shown in Figure 24. 
From Figure 24, the Mohr-Coulomb criterion in terms of principal stresses at failure may be 
expressed as follows: 
(21) 
where Tff =shear stress on sbear surface at failure; 
cr1f' =the vertical principal effective stress at failure acting at the depth of the tension crack; 
cr3f' = the horizontal principal effective stress acting at the bottom of the tension crack; 
cjl' =effective stress parameter, angle of shearing resistance; and 
c' =effective stress parameter, cohesion. 
Equation 21 is rearranged so that cru' at failure is expressed in terms of cr3f' at failure, or 
cru'- crlf' sin cp' = 2c' cos cjl' + cr3r' sin ell'+ cr3f' (22) 
and 
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Effective Stress cr3f' Equal to Zero. 
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cru'(l -sin (j>') = 2c' cos (j>' + cr3((1 +sin (j>'). 
Dividing both sides of Equation 23 by (I - sin (j>'), 
cru' = (cr3r'(l +sin (j>') I (I -sin$'))+ 2c' cos $'1(1 -sin <1> '). 
The vertical nonnal stress is the major principle stress, or 
where 'Yb = buoyant unit weight of soil = 'Yt - yw, 
'Yt = total unit weight of soil, and 
'Yw = unit weight of water. 
(23) 
(24) 
(25) 
(26) 
Substituting Equation 25 into Equation 24 and noting that the lateral stress corresponds to the minor 
principle stress (cr3'r = crh'), which is assumed equal to 0 (crh' = 0), 
O"Jf = 'Yb Zfm = 2c' cos$' I (I -sin$'). (27) 
Solving for Zfm and using the trigometric identity 
(28) 
Equation 27 becomes 
Zfm = (2c' I "fb)(1 - sin2 (j>')l/2 I (1 -sin (j>'). (29) 
Since 
((1-sin2 $')1/2 1 (1- sin (j>')) =((!-sin$')(!+ sin$') I (I- sin $')2)1!2 (30) 
= ((1- sin$') 1 (1- sin$')) 1 ((1- sin$')/(! -sin $'))112, (31) 
then Equation 29 becomes 
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,, 
Zfm = (2c'!yt) ((1 +sin <j>') I (1 -sin <j>'))ll2. (32) 
The tension crack depth, Zfm· given by Equation 32 is the maximum depth of crack at failure of the slope 
assuming the horizontal effective stress at the bottom of the crack is zero. 
Pore pressures in a soil layer may be defmed by the pore pressure ratio. This ratio was ftrst used by 
Daehn and Hilf (21) as a means of expressing results of stability analyses of four earthen dams. The pore 
pressure ratio is a dimensionless ratio defmed as the ratio of the port pressures, u, at a point in a soil layer 
to the overburden pressure, 'Ytht, at the same point, or 
(33) 
or 
(34) 
Since the interest here is the pore pressure at the bottom of the tension crack (ht = Zfml• then 
(35) 
Since 
(36) 
and 
(37) 
then 
'Yh = 'Yt- 'Yw = 'Yt- ru'Yt = 'Yt (1- rul- (38) 
Substituting Equation 38 into Equation 32, 
Zfm = (2c' I y1(1 - r0 )) ((1 + sin <!>')I ((1 - sin <j>')) l/2. (39) 
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Equation 39 allows the maximum tension crack depth to be computed at failure (F =1.0) in terms of 
effective stress. The maximum depth of tension crack may be computed from Equation 39 in terms of total 
stress by replacing the effective stress parameters, <!>' and c', with total stress parameters, <1> and c. For cases 
other than failure, that is, when the safety factor is greater than one, the tension crack depth is computed 
using the mobilized shear strength parameters. The factor of safety, as defined by Bishop (22), is the ratio 
of the available shear strength of the soil to that required to maintain equilibrium. Accordingly, the 
moblized shear strength, s, is defined as 
s = (1/F) (c' + Ccrn- u) tan<!>') (40) 
where O'n denotes total normal stress, or 
s = c'/F+(Ccrn-u)tan<j>'/F (41) 
Hence, the mobilized effective shear strength parameters are defmed as 
em'=c'/F (42) 
and 
tan <l>m' =tan <1>'/F, (43) 
where <l>m' is the mobilized angle of shearing resistance in terms of effective stress. Using the mobilized 
shear strength parameters, the depth of tension crack may be expressed as 
Z0 = (2cm'/ 'Yt (I - ru)) ((I +sin <Pm ')I (I -sin <l>m'))l/2. (44) 
The maximum depth of tension crack is a function of the factor of safety as well as the effective cohesion, 
the total unit weight of the soil, the effective stress angle of interual friction, and pore pressure, as shown 
by Equation 44. The depth of cracking is zero when the cohesion of a soil is zero, according to Equation 
44. This would be the case for embankments constructed of sands and gravels, although a small crack 
depth may be present for dirty sands, which may have only minor cohesion. The peak mobilized strength 
of the embankment may be used in stability analyses where cohesion of the embankment is zero. 
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The depth of tension crack is a function of the factor of safety, as shown by Equation 44. However, 
in a given slope stability problem, the factor of safety is unknown; therefore, the depth of tension crack 
based on the mobilized shearing strength is unknown. A tension crack may be assumed as shown in Figure 
21 in performing the stability analysis by setting the factor of safety equal to 1.0. This gives the maximum 
depth of tension crack. However, in problems that are not near failure, the depth is too large. To solve this 
problem for an assumed shear surface, that is, to obtain a depth of crack compatible with the factor of 
safety, iteration may be performed using Equation 44. The iteration is performed on Z and F; c', 'Yt· ru, and 
cj>' are constant. An initial value of the factor of safety must be assumed to start the iteration for a given 
shear surface. A good initial value for factor of safety, F 1, may be obtained by solving the problem 
assuming no tension crack. Substituting F1 into Equation 44, yields the first estimate of the tension crack 
depth, Z1. Using ZJ. a new factor of safety, F2, is computed. Using F2, a new depth, q, is computed. 
This procedure is repeated, as shown in Figure 25, until 
1Zn-l - Zn1 ~ E (45) 
where E =a selected numerical error. Generaily, the iteration is repeated until 
IZn-1 - Znl ~ 0.001. (46) 
GEOMETRIC CONSIDERATIONS (Tension Crack COordinates) 
The solution obtained by iteration using Equations 44 and 46, provides a factor of safety for a given 
shear surface that is compatible with the depth of tension crack. The solution is in terms of effective stress, 
although total stress conditions may be solved, and the solution provides a tension crack depth in terms of 
the mobilized shear strength parameters. To complete the solution and develop the necessary algorithms 
for computer programming and for the iterative scheme (23) shown in Figure 25, certain geometric 
quantities must be obtained with regard to the shear surface geometry to compute the factor of safety of the 
failure mass affected by the tension crack. 
The depth of tension crack, Z0 , as shown by Equation 44, may be computed if the factor of safety is 
known. Since the factor of safety is unknown, a good first approximation for the value of the factor of 
safety, F1, is that obtained from a stability analysis of the given shear surface without a tension crack. The 
fust value of the tension crack, Zo!, may be computed from Equation 44 using the fust approximation for 
the factor of safety. Although the depth of the tension crack is known, the coordinates Xgzl andY gz1 of 
the intersection of the tension crack, z0 1, and the ground surface (Figure 26) are unknown. Moreover, the 
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coordinates Xszl and Y szl of the intersection of the tension crack, Zol• and the given shear surface are 
unknown. Since the tension crack is assumed to be vertical, Xgzl is equal to Xszl· The coordinates Xgzl• 
Y gzl andY szl cannot be computed from known geometric quantities. The coordinates may be determined 
using a numerical itemtive scheme. Basically, in the itemtive scheme, a value of the tension cmck, di• is 
assumed and compared to Zo I• or in general 
(47) 
where o is a selected numerical error. The value o may be made as small as desired. 
The itemtion is started, as shown in Figure 27, by setting 
(48) 
where Xdl is equal to the x coordinate of the intersection of the shear surface and the assumed value of the 
tension crack, d 1· Xdl is also the x coordinate of the intersection of the ground surface and d 1. The term 
AX 1 is the x increment. AX 1 is set equal to some arbitrarily selected numerical value, n, initially set equal 
to 1.0 in the computer progmm. The x coordinate xa is the intersection of the given shear surface and 
ground surface and may readily be calculated from known geometric quantities (2, 24). Since Xdl is 
known (or assumed), the y coordinate of the intersection of the ground surface and d 1 may be computed 
from 
y gdl = yi- Si (Xdl - Xj). (49) 
where Xi andY i are coordinates of a point on the ground surface, as shown in Figure 27, and Si is the slope 
of the ground surface at Xdl· They coordinate, Y sdl• for a circular shear surface may be computed from 
(50) 
where X0 and Y 0 are the x and y coordinates of the center of the trial circle and R0 is the mdius. If the 
shear surface is linear, then 
(51) 
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where X1 and Y1 are coordinates on the shear surface and S1 is the slope of the linear shear surface at Xdl· 
After determining values ofY gd1 and Ysd1• the value of d1 may be computed from 
(52) 
The value of d1 is compared to ZQl, as given by Equation 47. If d1 is less than Zo1 the iteration 
' 
continues, that is, a new value of X is assumed, or 
. (53) 
Using the value of Xd2, new values of Y gd2 and Y sd2 are computed. From these values, a new value of 
dz is computed and compared to Zo1· If di is less than Zo1 and Equation 47 is not satisfied, the iteration 
sequence continues, or 
Xd(n-1) = Xa + (n- I) 1!>. XI (54) 
(55) 
Y gd(n-1)• Y gdn• Y sd3• ... , Ysd(n-I)• and Ysdn and d3, ... , dn-I• and dn are computed. Each value of di 
is compared to Zm. as given by Equation 47. If Equation 47 is not satisfied, the iteration continues until di 
is greater than Z01. When this occurs, a new starting coordinate is computed, or 
(56) 
and the sequence of iteration, Equations 47 through 56, is repeated. However, a new f>.X increment is used 
in Equation 48, or 
(57) 
and Xa is set equal to Xd(n-I)· From the previous iteration sequence, Equation 48 becomes 
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(58) 
Each time the iteration sequence is repeated, the previous l1X value is divided by 2. The iteration scheme is 
repeated using new values of Xd and .1X. Equations 48 through 58 are repeated until Equation 48 is 
satisfied. When Equation 48 is satisfied, 
(59) 
(60) 
Xszi = Xsdi• and (61) 
Yszi = Ysdi• (62) 
and the coordinates of the tension crack, Zo I• at the ground surface and shear surface are known. Hence, 
the geometry of the new shear surface and failure mass is known and a new factor of safety is computed. A 
new value of the tension crack is computed using the new factor of safety. The iteration continues, as 
outlined in Figure 25. The coordinates given by Equations 59 through 62 must be determined for each new 
value of Zo· The iteration continues until Equation 45 is satisfied. Generally, the F-Z iteration converges 
rapidly. 
The mathematical model equations have been progranuned for the computer and form an integral 
part of a new generalized slope stability computer program (2). There are two options in the computer 
program for solving problems involving potential tension cracks. The tension crack-factor of safety 
iterative scheme, as outlined, may be used. Alternatively, if the tension crack is known, or estimated, the 
problem may be solved by entering a fixed depth of the tension crack into the computer program. The 
stability, for example, of a stiff embankment constructed of cohesive soils. and located on a soft clay 
foundation of low permeability could be analyzed using both options. Since foundation settlement may 
occur over a period of time and the magnitude of the settlements will be greater in the center of the 
embankment than at the ends, a tension crack may form in the lower reaches of the embankment. This 
tension crack will likely propagate to the top of the embankment The stability of the embankment in this 
case may be investigated using a fixed value for the tension crack; that is, the depth of the tension crack is 
set equal to the height of the embankment since the tension crack is assumed to extend through the entire 
depth of the embankment The stability analysis may be performed using predetermined trial shear 
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surfaces in the HOPK-1 slope stability computer program to determine the minimum factor of safety. 
During construction of the embankment, settlements may be nominal if the foundation soils have very low 
values of permeability. Stability of the embankment in this case may be investigated using the depth of 
tension-factor of safety iterative scheme. These analyses may be performed by the HOPK-I program using 
predetermined trial shear surfaces to locate the minimum factor of safety. 
The tension crack-factor of safety option may be the more appropriate method of analysis in certain 
situations. An embankment resting on an incompressible foundation, such as rock or highly 
overconsolidated clay not prone to senle, represents such cases. A particular situation where it may be 
appropriate to perform such analyses involves side-hill embankments located on highly plastic, 
overconsolidated clays. The scheme also may be used for cut sections prone to develop tension cracks. 
SELECTION OF A SLOPE STABILITY ANAL VSIS METHOD 
Numerous methods (over 20 procedures) have been developed for evaluating the stability of slopes. 
The majority of these methods are based on limit plastic equilibrium with the basic assumption that the 
Terzaghi-Coulomb failure criterion is satisfied along the assumed failure surface. By considering the 
forces acting on a free body of the soil mass, the shearing resistance of the soil necessary for equilibrium is 
calculated. An assessment of the factor of safety, as defmed by Equation 40, may be made by comparing 
the computed value of shearing resistance to the available or estimated shearing resistance of the soil. A 
problem arises however, in formulating and attempting to solve the equilibrium equations (horizontal and 
vertical force equations and moment equation). The equilibrium equations are statically indeterminate, as 
shown in Table 6. There are more unknown quantities than known quantities. This situation has lead to 
development of over 20 slope stability methods. Differences among the numerous methods arise mainly 
because of the different assumptions used to obtain statical determinacy and because of the particular 
conditions of equilibrium that are satisfied. 
Although several limited equilibrium methods have been developed for solving a variety of slope 
stability problems, and many have been programmed for the computer, many methods are not totally 
suitable for developing a comprehensive slope stability computer program. Slope stability models 
developed by Bishop (22), Janbu (25), Morgenstern and Price (26), and Spencer (27, 28) are generally 
recognized as the more "accurate" (8) methods. These methods are considered accurate in the sense that 
efforts are made in the models to satisfy the three equilibrium equations; the methods involve assumptions 
regarding the side forces acting on each slice. A full discussion of all models that have been developed is 
beyond the scope of this paper; such a discussion bas been presented elsewhere (2, 15, 29). 
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TABLE 6. 
UNKNOWNS 
1 
n 
n-1 
n-1 
3n-1 
UNKNOWNS AND EQUATIONS FOR n SLICES IN SLOPE STABILITY ANALYSIS BASED ON 
THE PROCEDURE OF SLICES 
ASSOCIATED WITH FORCE EQUILIBRIUM 
Factor of Safety 
Normal Forces (Nil on the Base of Each Slice 
Normal Forces (Eil on Each 
Interface between Slices 
Shear Forces (Til on Each 
Interface between S1ices 
Resultant Forces (Zi) of Ei and 
Ti on Each Interface between Slices 
ot Angles --which Express the Relationships 
between Ei and Ti on Each Interface 
Unknowns Versus,2n Equations 
UNKNOWNS ASSOCIATED WITH MOMENT EQUILIBRIUM 
n Coordinates bi' Locating the Normal Forces on the Base of Each Slice 
n-1 Coordinates ai Locating the Normal Forces Ei on Each Interface between Slices 
2n-1 Unknowns Versus n Equations 
Total Unknowns 
Sn-2 Unknowns Versus 3n Equations 
The so-called accurate methods, however, present some problems when efforts are made 10 use 
these models 10 develop a comprehensive slope stability computer program. For example, the Bishop 
model (22) and Spencer's first model (27) are applicable only ID circular shear surfaces; shear surfaces of an 
arbitrary shape cannot be handled. The Bishop simplified model may yield unreasonable results for deep 
failure circles. 
The ordinary method of slices, which has been used extensively, is limited 10 circular failure 
surfaces. This model for large cj> values yields results that are generally 5 10 15 percent lower for problems 
involving IOta! stress analysis than the results obtained from the more accurate methods. For 4> equal 0, or 4> 
values that are very small, the ordinary method of slices yields results that are as accurate as the more 
advanced methods. When an effective stress analysis is performed, errors greater than 15 percent may be 
encountered using the ordinary method of slices (2, 22). 
Although models developed by Janbu, Morgenstern and Price, and Spencer may be used 10 
determine the stability of embankments involving shear surfaces of an arbitrary shape, difficulties may be 
encountered when attempting 10 solve a variety of slope stability problems. Convergent solutions are 
frequently not obtained when using Janbu's model (1, 2, 29). Janbu's model could be made 10 converge in 
some problems (shallow failures) if a limited number of slices were used. This aspect, however, limits the 
use of this model with regard to developing a comprehensive slope stability computer program because a 
search routine ID determine the most critical shear surface having a minimum factor of safety could not 
practically be incorporated into the program for deep failures. 
To properly use the methods proposed by Morgenstern and Price and Spencer (second version) (28) 
and to determine if a solution is admissible, a review of results obtained from the calculations for each 
shear surface must be made. Admissibility criteria (30) is listed in Table 7. In the Morgenstern and Price 
generalized procedure of slices, the shear and normal forces between slices are related as follows: 
where Tj = the vertical interslice shear force, 
Ej = the horizontal interslice force, 
(63) 
f(x) = function representing the variational relationship between the Tj and Ej forces along the 
shear surface, and 
il. = a numerical factor. 
The term f(x) is an arbitrary function'having a maximum value of 1. Various shapes may be used for this 
function. For the solution to be admissible, the "thrust line", as defmed by Bishop (22) -- the location of 
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TABLE 7. ADMISSIBILITY CRITERIA FOR EVALUATING MORGENSTERN AND PRICE'S 
SOLUTION FOR SOIL AND ROCK SLOPE STABILITY PROBLEMS 
(After Hamel (cf.3), 1968) 
Soil Slope Problems 
Criteria 
1. The effective normal forces on the sides and bases of slices should 
be compressive. 
2. The height of the point of application of each of the effective 
normal side forces should be between 0.25H and 0.65H, where His the 
height of any interslice boundary. 
3. The average friction angle required (or mobilized) on the sides of 
any slice (when cohesion is considered fully mobilized) should be 
less than 80'11 of the average available friction angle along that 
surface. 
Rock Slope Problems 
1. The effective normal forces on the sides and bases of slices should 
be compressive. 
2. The height of the point of application of each effective side force 
should be between 0 .lSH and 0. 7 SH where H is the height of any 
inter-slice boundary. 
3. The average friction angle required or mobilized on the side of each 
slice (when cohesion is considered to be fully mobilized) should be 
equal to or less than the average available friction angle. 
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the resultant side forces on the slices -- should fall between the assumed trial shear surface and the surface 
of the slope or groundline. The thrust line is determined and is part of the solution in the Morgenstern and 
Price method. The output of each trial shear surface should be examined to determine the admissibility of a 
solution (factor of safety). The time required to examine each solution for each trial shear surface may 
limit the use of this method in routine applications where search J?rocedures are being used and where 
hundreds of lrial shear surfaces may be involved. 
The second version of Spencer's generalized procedure of slices (28) is similar to Morgenstern and 
Price's method. For example, the shear and normal forces between slices in Spencer's method are related as 
follows: 
(64) 
where Tj and Ej are the same as defmed previously, 
Kj = a function that represents the variational relationship between the Tj and Ej forces along the 
shear surface, and 
9 = the angle that determines the slope of the interslice forces. 
Comparing Equations 63 and 64, 1.. equals tan<!> and f(x) equals Kj. If f(x) or Kj equal 1 in either 
Morgenstern and Price's or Spencer's methods, respectively, the inter slice forces are parallel. In Spencer's 
method, the locations of the points of application of the inter slice forces ("thrust line") are computed as 
part of the solution. Again, as in the Morgenstern and Price's method, the thrust line must lie between the 
failure surface and the surface of the slope or groundline to be an admissible solution. The solution for 
each trial surface should be reviewed. If the location of the thrust line falls outside of the region bounded 
by the lrial shear surface and slope, new values of Kj are assumed. Although Spencer's method may be 
considered accurate, the fact that results must be reviewed may limit its application (from a practitioner's 
viewpoint) where search operations are being performed. Both Spencer's method and Morgenstern and 
Price's method, however, can be made more ven;atile in practical applications and used to develop a 
comprehensive slope stability computer program if either f(x) or Kj, respectively, equal unity. The thrust 
line criterion may be violated in certain cases, however, especially for problems involving deep failure 
shear surfaces. For embankments located on soft clay foundations where deep shear surfaces are frequently 
encountered, solutions obtained from Morgenstern and Price's method or Spencer's method may not 
converge (1). This situation, consequently limits the use of these methods as a basis for developing a 
comprehensive slope stability computer program. To obtain convergent solutions, using either method for 
deep shear surfaces may require many assumptions regarding the functions f(x) or Kj· Convergent 
solutions may not be found (1) in some instances. 
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Bishop's simplified method of slices (22) has been used extensively since 1954 for evaluating 
stability of slopes. Titis method does not satisfy horizontal force equilibrium, but it does solve. overall 
moment and vertical force equilibrium. The method assumes the side forces are horizontal. Bishop's 
method should be used cautiously when evaluating stability of embankments on soft clay foundations. For 
shear surfaces where the ends may be steeply inclined (deep failure circles), numerical problems may arise, 
as shown by Whiunan and Bailey (31), because the normal forces acting on the bases of the slices may 
become very large or negative near the ends of the slip circle. When this occurs, the Bishop method yields 
a safety factor that is too low and Whiunan and Bailey recommend other methods be used. When 
numerical difficulties are not encountered, Whiunan and Bailey show the Bishop method provides results 
within five percent of results obtained from Morgenstern and Price's methods and Spencer's (second 
version) method. Computer programs based on Bishop's simplified method of slices should contain a 
warning when this situation is encountered (1, 2, 24, 29, 31). 
The ordinary method of slices (20) has been used widely in solving slope stability problems. This 
method does not satisfy all conditions of equilibrium. Overall moment equilibrium is satisfied; however, 
horizontal and vertical equilibriums are not. Bishop (22) has shown that errors of 50 percent or more may 
result from use of the ordinary methods of slices, especially when high pore pressures are involved. The 
error in factor of safety is about 10-15 percent or less for problems where total stress analysis is used. The 
ordinary method of slices yields results that are the same as the more accurate methods for values of cj> 
equal to 0, or when cj> is very small. 
None of the slope stability methods currently available are totally conducive to structuring a 
comprehensive slope stability computer program. The designer may have to resort to two or more methods 
to estimate the stability of embankments on soft foundations. The Bishop method may yield factors of 
safety much too low for steeply sloping failure surfaces. Failure surfaces of this type are oftentimes 
obtained in embankments located on deep, soft clay foundations. Moreover, convergent solutions for this 
type of problem may not be obtained when using Janbu's, Morgenstern and Price's, and Spencer's methods. 
Although the ordinary methods of slices may be used when the cj>-equal-0 method is used, the method 
should not be used when effective stress analysis is being performed or for cj> values that are relatively 
large. 
PROPOSED METHOD OF DESIGN 
Because of shortcomings of the methods as discussed, considerable effort has been devoted over the 
past eight years to developing a slope stability model and comprehensive slope stability computer program 
that partially overcome many of the shortcomings encountered with those models and computer programs. 
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A slope stability model and a comprehensive slope stability computer program that solves a variety of 
problems frequently encountered in embankment and natural slope design has been produced (2). The 
model is similar in approach to the method initially proposed by Janbu (25). The new approach overcomes 
difficulties encountered with the Janbu model by using numerical techniques. A complete discussion of the 
method and computer program is beyond the scope of this paper; such a discussion has been presented 
elsewhere (2). Some key features of the computer program are summarized in the following text 
The comprehensive slope stability computer model (HOPK-I) is versatile since circular, wedge, and 
composite failure surfaces may be investigated rapidly. Slope stability problems involving pore pressures 
(four pore pressure modes are available) may be investigated using the computer program. Isotropic, as 
well as anisotropic, soils may be analyzed. Bearing capacity problems may be investigated. Search 
routines for locating the most critial shear surface (circular) having a minimum safety factor are important 
features of the program. Based on many comparisons, the HOPK-I computer program yields factors of 
safety that are almost identical to those obtained from the accurate methods previously listed. Published 
comparisons have been described elsewhere (2, 32, 33). 
An important feature of the computer program includes a technique for analyzing the stability of 
embankments located on soft clay foundations. The equations and failure mode described previously have 
been programmed and form an integral part of the slope stability computer model. Hence, the design of 
embankments on soft foundations may be perfonned assuming a tension crack depth based on the 
mobilized shear strength parameters, <l>m' and em'. or the mobilized undrained shear strength parameter, 
Sum (<!> = 0). The computer solution, based on the iterative methods as described, yields a factor of safety 
for a given shear surface that is compatible with the depth of tension crack. The computer program 
contains a search routine for locating the most critical shear surface having a minimum factor of safety and 
a tension crack. Circular, as well as wedge-type, shear surfaces having tension cracks are included in the 
search routine. The program allows the use of a fixed depth of tension crack if the user desires. The search 
routine may be perfonned using a pseudo-statical method of earthquake analysis. 
CASE STUDIES 
Two well-documented case studies were selected to illustrate the use and application of the HOPK-1 
slope stability computer program. The case studies, which were published by Chiraputa and Duncan (1), 
are hypothetical embankments located on soft foundations. As shown in the examples, factors of safety 
obtained by Chirapunta and Duncan (1) using various models are compared. The two examples were 
analyzed using the tension crack model previously described to illustrate the effect of embankment 
cracking on factor of safety. 
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EXAMPLE 1 
' Example I is a hypothetical embankment located on a soft clay foundation, as shown in Figure 28. 
Stability analyses for this example were published by Chirapunta and Duncan (!). Their results 
demonstrate a low safety factor may be obtained when the Bishop method of slices is used to analyze slope 
stabilities involving deep failure circles having steeply sloping ends. Chirapunta and Duncan analyzed this 
example using the Bishop simplified method of slices, the ordinary method of slices, Spencer's method of 
slices, Morgenstern and Price's generalized method of slices, and a procedure !hey developed (referred to as 
"EMSTAB"). Their results are tabulated in Table 8. Results of !he search analysis are shown in Figure 28. 
A factor of safety of 1.55 was obtained hased on !he Bishop method and using a search analysis. 
Peak shear strengths of the embankment and foundation were used in the analyses and are shown in Table 
8. Using the Bishop circle and the ordinary methods of slices, EMST AB, and Spencer's method (first 
version), they obtained factors of safety of 1.88, 2.03, and 1.88, respectively. Morgenstern and Price's 
melhod failed to converge for this circle, although (according to Chirapunta and Duncan) several trial 
values of f(x) were used. A factor of safety of 1.98 was obtained for the critical circle obtained from the 
Bishop method using the HOPK-1 computer program. This value of factor of safety is very close to the 
value obtained from EMSTAB. This value was close to values obtained from the ordinary method of slices 
and Spencer's melhod. The factor of safety obtained from Bishop's method was much lower than the values 
obtained from other methods .. The factor of safety obtained from the Bishop method was some 18 to 24 
percent lower !han factors of safety obtained from olher melhods. The lower value, as shown by 
Chirapunta and Duncan, was a result of negative normal stresses occuring at !he ends of !he slip circle. 
This aspect of Bishop's method also has been described by Whitman and Bailey (31). When deep failures 
having steeply sloping sides are encountered, Whitman and Bailey rec<immend a warning should be 
included in !he slope stability computer program. They also recommended other stability models should be 
used when such a condition is encountered. 
Factors of safety obtained from the ordinary melhod of slices and EMST AB using search analysis 
were 1.80 and 1.79, respectively. A factor of safety of 1.75 was obtained from the HOPK-1 slope stability 
computer program using search analysis. Chirapunta and Duncan obtained a convergent solution for the 
critical circle obtained from Bishop's method using Spencer's method. They could not obtain convergent 
solutions when a search analysis was used. Moreover, when Morgenstern and Price's method was used, 
they could not obtain a convergent solution for the critial circle from Bishop's method nor when a search 
analysis was tried, although several f(x) functions were used. This case study illustrates some of the 
difficulties encountered when different slope stability models are applied to problems involving 
embankments on soft clay foundations. 
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TABLE 8 . SUMMARY OF FACTORS OF SAFETY FOR EXAMPLE l 
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INTACT 
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Chir. -Dun. 1.25 1.00 
LEASE 
Bishop 1.20 0.80 
OMS 1.32 0.80 
HOPK-I 1.42 0.94 0.81 
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OMS -- Ordinary Method of Slices 
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Example I was analyzed assuming a tension crack in the embankment and using the HOPK-I 
program. A search analysis using the variable tension crack option was performed to obtain the most critial 
circle. For each trial circle, the crack depth was allowed to vary until a compatible depth of tension crack 
and factor of safety were obtained. The factor of safety obtained for Example I was 0.83. The factor of 
safety, based on the crack analysis, was some 110 percent smaller than the factor of safety (1.75) obtained 
when the analyses were performed without a tension crack. The analyses, based on the tension crack, 
indicate the embankment would fail. 
EXAMPLE2 
Example 2, as shown in Figure 29, is an embankment located on a soft foundaiion. The undrained 
shear strength, as a function of depth, is shown on the left portion of the figure. The circle in Figure 29, as 
published by Chirapunta and Duncan (!), was inferred from the fmite element program entitled ISBILD. 
Factors of safety obtained by Chirapunta and Duncan are tabulated in the upper portion of Table 9. A 
factor of safety of 1.25 (assuming no tension crack) was obtained for the circle shown in the figure. The 
factor or safety obtained ·by Chirapunta and Duncan was 1.00 when a tension crack was assumed. Using 
ICES LEASE, factors of safety of 1.20 (Bishop solution) and 1.32 (ordinary method of slices) were 
obtained assuming no tension crack. A factor of safety (no tension crack) of 1.42 was obtained using the 
HOPK-I program. A factor of safety of 0.94 was obtained from the HOPK-I program using the tension 
crack option. This factor of safety was six percent lower than the value reported by Chirapunta and 
Duncan. This problem was solved assuming the embankment shear strength was equal to zero. The factor 
of safety obtained from the ICES LEASE program was 0.80, as shown in Table 9. These factors of safety 
were about 15 to 20 percent lower than factors of safety obtained by Chirapunta and Duncan and the 
HOPK-I program when a tension crack was assumed. 
SUMMARY AND CONCLUSIONS 
Factors that may lead to differences between predicted and actual stabilities of embankments on 
clay foundations are discussed. Seventy-five case histories, which were analyzed using total stress 
analysis, included failures of embankments on clay foundations as well as other types of failures, were 
reviewed. Fifteen case studies analyzed using effective stress analysis also were presented. Statistical 
analyses of these failures, based on soils index tests, showed that there is a general tendency to 
overestimate the shear strengths of clays. A summary of observations and conclusions based on this review 
follows. 
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1. Simple soils indices, such as water content, liquid limit, plastic limit, and liquidity index, provide 
fairly good indicators of whether or not predicted stabilities determined from total stress or effective stress 
analyses may be successful. The simple soils indices are useful in formulating design guidelines. 
2. A design factor of safety as low as 1.30 (total stress analysis) or, perhaps, 1.35, may be used if 
the liquidity indices of the foundation clays are generally larger than 0.36 and the plasticity indices are less 
than 40 percent. For this situation, shear strengths obtained from either field vane tests or unconsolidated· 
undrained triaxial tests may be used without the need to correct the laboratory shear strengths. With regard 
to effective stress analysis, no corrections of laboratory effective stress parameters are needed. 
3. When foundation clays have relatively large values of plasticity indices (> 40 percent) and the 
liquidity index is greater than 0.36, undrained shear strengths obtained from triaxial compression tests 
should be corrected according to Equation 17 or 18. If the undrained shear strengths are obtained from 
field vane tests, the shear strength should be corrected using Equation 18 or Bjerrum's correction factors. A 
minimum factor of safety of about 1.30 may be used if the field vane shear strength is corrected. 
4. Both total stress and effective stress analyses may yield incorrect forecasts of the stability of the 
embankment when the liquidity indices of the foundation clays are less than 0.36. Both types of analyses, 
based on laboratory strengths, tend to yield factors of safety that are too large. Factors for correcting 
laboratory undrained shear strength are proposed, or, alternately, the laboratory shear strength may be 
corrected using equation 19. Another suggested approach for obtaining design shear strengths is to perform 
triaxial tests on ~emolded specimens remolded to a water content given by Equation 20. Alternately, the 
effective stress analysis could be performed using reduced parameters given by Equations 14 and 15. 
5. A mathematical model for analyzing embankments on clay foundations subjected to cracking 
was proposed. This model has been programmed for the computer and forms an integral part of a new 
generalized slope stability computer program (2). 
IMPLEMENTATION AND BENEFITS 
Slope stability design guidelines presented above may be very useful when implemented and may 
help improve the accuracy of forecasts of predicted behavior of embankments on clay foundations. For 
example, based on the analysis of 24 embankment slope failures, the predicted factors of safety Tanged 
from 0.89 to 1.65. In 50 percent of the cases, the predicted factor of safety exceeded 1.28. Consequently, 
if a design factor of safety of 1.30 is used, the likelihood of failure is certainly fairly high. For 92 percent 
of 14 case histories, the predicted factor of safety for footing and load tests was less than 1.38. Combining 
footing and load test cases and the embankment cases, and excluding the cases where the liquidity index 
was smaller than 0.36 and the plasticity index was greater than 40 percent, the predicted factor of safety 
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was less than 1.20 in 97 percent of the cases. For those cases where the undrained shear strength was 
defined by the field vane test and where the plasticity index was greater than 40 percent and the liquidity 
index was greater than 0.36, the field vane shear strength should be corrected using Bjerrum's correction 
factors or as discussed previously. In cases where the liquidity index was less than 0.36, the laboratory 
undrained strength should be corrected using correction factors presented herein. Simple analysis of liquid 
limit, plastic limit, water content, and liquidity index data appears to provide a useful means of improving 
the accuracy of stability forecasts and thus in reducing the number of failures. 
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